We investigate the effect of different heat treatments on the laser-induced damage probabilities of fused silica samples. Isothermal annealing in a furnace is applied, with different temperatures in the range 700-1100 C and 12 h annealing time, to super-polished fused silica samples. The surface flatness and laser damage probabilities at 3 ns, 351 nm are measured before and after the different annealing procedures. We have found a significant improvement of the initial laser damage probabilities of the silica surface after annealing at 1050 C for 12 h. A similar study has been conducted on CO 2 laser-processed sites on the surface of the samples. Before and after annealing, we have studied the morphology of the sites, the evolution of residual stress, and the laser-induced damage threshold measured at 351 nm, 3 ns. In this case, we observe that the laser damage resistance of the laser created craters can reach the damage level of the bare fused silica surface after the annealing process, with a complete stress relieve. The obtained results are then compared to the case of local annealing process by CO 2 laser irradiation during 1 s, and we found similar improvements in both cases. The different results obtained in the study are compared to numerical simulations made with a thermo-mechanical model based on finite-element method that allows the simulation of the isothermal or the local annealing process, the evolution of stress and fictive temperature. The simulation results were found to be very consistent with experimental observations for the stresses evolution after annealing and estimation of the heat affected area during laser-processing based on the density dependence with fictive temperature. Following this work, the temperature for local annealing should reach 1330-1470 C for an optimized reduction of damage probability and be below the threshold for material removal, whereas furnace annealing should be kept below the annealing point to avoid sample deformation. Published by AIP Publishing.
I. INTRODUCTION
The initiation and the growth under successive irradiation of laser damaged sites on optical components is a main limitation in high power lasers, particularly for inertial confinement fusion class lasers that operate at fluences at the limit of the handling capabilities of the materials. Laser damage is unavoidable in these systems at the present time, even with the highest quality of optical components. Therefore, if a small damage is initiated on an optic because of the absorption of UV nanosecond laser radiation by a defect (fracture related to the polishing process, particular contaminant, for instance), it will lead to a typically few tens of microns site in effective diameter characterized by fractures and point defects.
1 Subsequent laser shots will be strongly absorbed in this area, leading to a growth in lateral size and depth of the initial damage. The growth behavior has an exponential nature when damages on fused silica optics are exposed to nanosecond UV light. 2 The growth coefficient depends mainly on the fluence and damage size. 3, 4 Because of this exponential growth behavior, this issue is the main limitation of optical components lifetime in high power lasers. Strategies and techniques have been developed to prevent the extend of the damage sites under successive irradiations. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Local CO 2 laser processing in air atmosphere is the main technique used to mitigate laser damage sites on fused silica optics. It is used in volume production on the National Ignition Facility to "repair" the damage sites and recycle the optics, 16 and should be deployed to operate the LaserMegaJoule. Additionally, the technique is also of interest to mitigate other surface defects such as scratches induced by polishing process and therefore improve the laser damage resistance of the optics. 17 CO 2 laser process can also be used for post-processing of fused silica optics in order to improve the laser damage resistance of polished surfaces 18, 19 or as a complete alternative to conventional polishing. [20] [21] [22] The technique has however some detrimental effects such as redeposits in case of material removal process, residual stress, and silica structural modifications, and the choice of the processing parameters is critical to ensure a high laser damage resistance of the treated sites. The high laserinduced damage resistance of CO 2 laser-heated surfaces compared to as-polished surfaces, in an irradiation regime where there is no material removal, has been observed in the early works on CO 2 laser irradiation on mechanically polished fused silica surfaces. 18 In more recent work, 11 it has been shown how a second laser heating, without material removal, could be successfully applied to enhance the laser a)
Author to whom correspondence should be addressed. Electronic mail: laurent.gallais@fresnel.fr damage resistance of the CO 2 laser mitigated sites. Other recent studies on isothermal annealing, as opposed to local thermal annealing by a CO 2 laser, have also proved the efficiency of thermal process to improve the laser damage resistance of polished surfaces. 23 The mechanism for the improvement in this case has been linked with the remediation of the defect structure associated with surface fractures. Thermal annealing is indeed a known method of removing point defects in silica, such as oxygen vacancies, [24] [25] [26] nonbridging oxygen hole centers, 27 peroxy radicals. 26 The defect passivation can be the result of the trapping of molecular species such as O 2 , H 2 O, and H 2 27 which diffusion is enhanced by the temperature. Other interests of annealing are the release of stress and recession of fractures that induce a better mechanical resistance. 28 Isothermal annealing can also reduce the growth rate of laser-induced damage under multiple ns irradiation. 29, 30 The decrease in growth rate was associated with the closure of small surface and subsurface cracks. However, annealing has also detrimental effects for fused silica optics: sample deformation, surface contamination, 31 mechanical weakening, 28 reduction of OH content that can lead to creation of structural defects at the surface, 31 and higher laser-induced UV absorption. 25 In this work, we study the effect of a heat treatment both on the as-polished surface and on CO 2 laser mitigated sites. The effect of annealing on the laser damage probabilities measured at 355 nm 3ns is first investigated on superpolished fused silica samples of type II (Suprasil S312) and type III (Corning 7980); these 2 materials have different characteristic temperatures (annealing point and softening point). Then we investigate the case of mitigated sites and we study the evolution of their morphologies under different annealing conditions, the evolution of residual stress and the laser-induced damage threshold. Eventually, the results of these experiments are compared to finite element thermomechanical simulations allowing the evolution of residual thermo-mechanical stresses and fictive temperature after CO 2 irradiation and annealing.
II. MATERIALS AND METHODS

A. Samples and cleaning methods
The fused silica samples that have been studied were either Suprasil 312 (Heraeus) or Corning 7980, with 50 mm diameter and 5 mm thickness. They are, respectively, type II and type III fused silica. The S312 is characterized by being quasi-free of impurities, OH-content <250 ppm. Type III fused silica is practically free from metallic impurities but contains a large amount of OH in the range of 800-1000 ppm. As a consequence, the dependencies of viscosity with temperature are different for these materials and they have both been investigated in this work.
They were polished by THALES-SESO using a "superpolishing" technology. All the samples were not coming from the same polishing batch and were submitted to different polishing grades. The surface roughness was measured to be less than 0.2 nm on witness samples.
The samples were cleaned (SIEM TCA90 cleaning machine) before the experiments using an automatic aqueous cleaning procedure, involving ultrasonic immersion and detergents followed by deionized water rinsing and drying.
B. CO 2 laser processing
We have used a CO 2 laser that operates at 10.6 lm (10.57-10.63 lm), to irradiate different sites on the samples in order to create craters and study their behavior after annealing. The details of the experiment have been presented in Ref. 32 . In this study, the beam was focused on the sample with a 20 in. ZnSe lens mounted on a mobile support to adjust the beam diameter, which can be varied between 600 lm and 2 mm (beam diameter at 1/e 2 ). The beam was Gaussian with an ellipticity better than 0.9 and linearly polarized. The laser is radio-frequency (RF) operated at 5 kHz resulting in the delivery of a burst of pulses at 5 kHz during the irradiation time on the sample. The power that is set as constant value throughout the pulse is adjusted by controlling the duty-cycle of the RF signal. It has been measured to be stable in less than þ/À 5% range with the conditions of operation of our experiments. For the following experimental studies, the pulse length was set at 1 s and we have varied the laser power and diameter on the sample front surface.
C. Annealing
The samples were annealed at different holding temperatures in a furnace (AAF Carbolite) under ambient atmosphere, with a maximum operating temperature of 1300 C. The heating and cooling cycles were controlled to minimize possible thermal stress into the glass by using a 5 C/min heating and cooling rate. Indeed considering an initial temperature of 1000 C, a 5 C/min cooling rate, and the dimensions of our samples, we have estimated with the COMSOL FEM software that the thermal inhomogeneity in the sample (difference between sides and center) is less than 0.5 C during the whole cooling sequence. Before each annealing of the samples, the furnace was operated for few hours at its maximum temperature for carbonization and degassing, by an evacuation visible in Fig. 1 , of potential contaminants. Because the thermal treatment of silica samples was operated under air, oxidation and contamination of the surface could occur. Therefore, in order to minimize these potential effects different precautions were taken. First of all, the sample of interest was inserted between 2 other "protection" substrates coming from the same production batch, as shown in Fig. 1 . The 3 pieces of silica were cleaned simultaneously and assembled just after cleaning (the samples stay under controlled atmosphere) and before the annealing. The furnace that has been used for these experiments was not operating in a clean room environment, and we have noticed some detrimental effect of the annealing process if no further precautions were taken. Therefore, after annealing, the sample of interest was etched with HF acid, and then cleaned again in order to remove surface contamination.
D. Sample characterization
The surface flatness of the samples was measured before and after annealing with a coherence scanning interferometer (ZYGO New View 7300) working in stitching mode, using a 1Â Michelson objective. The height resolution is below 1 nm and the lateral resolution, which is limited by the camera pixel size is 11 lm. The CO 2 irradiated sites were characterized by the same apparatus. However, measurements were made in this case with a 10Â Mirau objective. The height resolution is not dependent on the objective, but the lateral resolution was 1.1 lm for the 10Â measurements. Discussion about the calibration and resolution are given in Ref. 33 . Note that from the principle of operation of this system, the measured profile should not be dependent on the change of refractive index (birefringence related to stress) below the surface.
The CO 2 laser-processed sites were also observed with a Nomarski microscope. In order to evaluate the stress level and its distribution around each site, we used a polariscope working under white light illumination. 34 
E. Laser damage probabilities measurements
Damage test experiments were performed using a frequency-tripled Nd:YAG laser operating at wavelength 355 nm. 35 A laser diode seeder ensures a single longitudinal mode (SLM) operation of the cavity, resulting in a Gaussian temporal profile and shot-to-shot stability. The equivalent pulse duration (defined as the ratio of the total energy to peak power) was 2.5 ns. A convex lens whose focal length is approximately 5 m focuses the beam. In this configuration, the spatial profile is Gaussian with a diameter of 0.6 mm at 1/e on the sample surface, and the depth of focus is longer than the sample thickness, ensuring a constant beam shape along the propagation in the bulk. All tests were made at normal incidence using linear polarization, and if not stated otherwise damage occurs on the exit surface of the samples. The fluence is determined within an absolute error of as much as 610%, but the relative error in the same experiment is lower.
The tests on the fused silica surfaces were carried out with the classical one-on-one procedure (1/1), 36 with 10 tested sites per fluence. Finally, after UV-laser irradiation, the damage event was assessed by inspection of the optical component rear surface by means of a long working distance microscope.
The damage resistance of the CO 2 laser processed sites was evaluated by exposing each crater to single shots at a given fluence. Because the diameter of the heat affected area and crater is larger (mm size) than the test beam diameter (the beam diameter including more than 80% of the maximum fluence is about 250 lm), we have selectively exposed specific zones. Indeed on these sites, the weakest zone for the laser damage resistance is located in the surrounding of the craters. 34 Therefore, we have targeted these areas for the laser damage tests by translating the component to specifically irradiate the crater edge. Such a test configuration is illustrated in Fig. 2 . The spatial profile has been recorded for each shot to determine the exact peak fluence (Fmax) and beam position on the corresponding tested site. By repeating this test to several sites (typically 5 per fluence), we were able to obtain the laser damage probability for one crater type. Eventually, because the test surface area was limited, we have applied the data treatment procedure described by Jensen et al. 37 to reduce the statistical error and therefore measurement uncertainty. Calculation of error bars is based on Ref. 3 .
Following these procedures, the damage tests' results are therefore presented and discussed as laser damage probabilities, which are related to the densities of initiating defects (see, for instance, Ref. 38). Considering the tested surfaces and error bars, the order of magnitude of the corresponding defect densities is few tens of defects/cm 2 .
III. ANNEALING EFFECT ON SUPER-POLISHED FUSED SILICA SAMPLES
As discussed in the introduction, annealing of fused silica could have beneficial effects for laser damage resistance: mainly passivation of point defects, stress release, and healing of fractures. But overheating or too long thermal treatments could be detrimental. Therefore, we have first conducted an investigation on the consequences of thermal annealing on the properties of the samples in order to determine possible limits between positive and negative effects and define the suitable annealing protocol. Different kinds of silica glasses can be used in high power lasers which may have slightly different properties, so the first step has been to compare the behavior of different silica types.
A. Comparison of silica types II and III
Fused silica of types II and III can be used indifferently to produce optics with a high laser damage resistance: the damage resistance is related to the polishing and cleaning of the surfaces, and there are no data reported in the literature on possible damage densities differences of these two materials. However, there are significant differences that need to be taken into account for the application of an annealing process. They differ particularly on their OH-content: type II has a low OH-content (<250 ppm) compared to type III (800-1000 ppm). Because the temperature dependent viscosity is strongly linked on OH-content, 39 the characteristic temperatures (annealing point and softening point), that correspond to fixed viscosity values, differ in these two materials. The annealing point, corresponding to a viscosity of 10 13 poise, is set as a temperature of T A II ¼ 1395 K/1123 C and T A III ¼ 1315 K/1043 C for silica of types II and III, respectively. The annealing process of fused silica to improve damage resistance can only be achieved through a judicious combination of temperature and annealing time. 31 Potentially the higher the temperature and the longer the time, the better it is to passivate defects and heal fractures in the material. However, as the temperature is raised and holding time is increased, detrimental effects are more susceptible to occur.
We have investigated the effect of annealing on type II and type III silica samples for the following temperatures: 700 C, 900 C, 1000 C, 1050 C, 1100 C, and 1150 C. Dedicated samples were used for each temperature. The annealing holding time was set to 12 h. The surface flatness of the samples was measured before and after annealing with the procedure described in Section II. We show in Fig. 3 the surface flatness measurement before (a) and after (b) the annealing at 1100 C on type II silica sample. Fig. 3 (c) is the evolution of flatness as a function of the annealing temperature. This evolution is defined as the difference between the peak-to valley values on the full aperture of the samples.
A strong deformation is observed for temperatures depending on the silica type. This effect is not observed at the same temperatures for the C7980 (deformation above 1050 C) and the S312 samples (deformation above 1100 C), in relation with the characteristic temperatures of the two materials (T A II ¼ 1395 K/1123 C and T A III ¼ 1315 K/1043 C). Above these values, annealing results in high sample deformation. In this respect, an annealing set point 50 C below T A seems a reasonable limit not to exceed. Therefore, annealing values were set to 1050 C for S312 sample and 1000 C for C7980 sample for the laser damage experiments described in Secs. IV-VI.
B. Laser damage probabilities
The influence of annealing on laser-induced damage probabilities was investigated on samples of type II. The dependence of laser damage probabilities with the type of silica (II or III) is not considered, because the observed damage events are mainly related to polishing and cleaning. These samples were annealed for 12 h at 1050 C in the conditions described above. Laser-induced damage probabilities of the samples were measured in 1on1 mode, as described in Section II E. We show in Fig. 4 the effect of annealing on the laser-induced damage probabilities for four different protocols: they have been measured on the same sample before annealing (black line), after HF etching (blue line), after annealing (green line), and after annealing and HF etching (red line).
Obviously, annealing in the experimental conditions of the used furnace, i.e., under atmospheric conditions, has a detrimental effect as regards the laser damage resistance. The sample was cleaned before laser-damage tests, and there was however no indication of visible contamination under classical microscopy. Possibly, the damage resistance decrease is related to reactions of contaminants or intrinsic defects near the surface with oxygen molecules. Therefore, we have used HF etching (0.5 lm) after the annealing in order to remove any contaminant on the surface. Following this procedure, the probability of laser damage occurrence was reduced compared to the non-annealed case, as shown with the red curve of Fig. 4 . This procedure of HF etching was then systematically applied for all other experiments presented in this paper. The results of annealing and HF etching are compared to the case of HF etching only showing a reduction of laser damage probability at an intermediate level between initial and annealed sample.
We present in Fig. 5 the results of another set of experiments that were conducted on two samples coming from different polishing batches. The initial laser damage probabilities were significantly different for the two samples before annealing as shown in Fig. 5 (black curves). After annealing at 1050 C for 12 h, followed by HF etching, we have observed for the two samples an improvement of the laser damage resistance without significant difference between both etching (red curves). However, the differences in damage probabilities between the two samples still exist after the annealing.
The results of these experiments confirm the potential of using isothermal annealing to improve the laser damage resistance of silica optics, as suggested by Shen et al. 18 However, the polishing quality of the surface is still a critical point for the application of such processes.
IV. ANNEALING EFFECT ON CO 2 LASER-PROCESSED SITES ON FUSED SILICA
The effect of annealing on CO 2 laser-processed sites is analyzed in this part. CO 2 laser irradiation can be indeed applied to mitigate laser damage sites on fused silica substrates, leaving in the area of the treated site a modified surface (crater related to evaporation, densification, and material flow), a heat affected area (resulting in change of fictive temperature and residual thermomechanical stress) and possibly debris and contamination (oxidation). Local or global annealing of such sites can result in an improvement of their laser damage resistance. 11, 29 Mechanisms for this improvement are, however, not clear. The effect of heat treatments on morphology, stress, and laser-induced damage threshold of CO 2 mitigated sites is the object of our investigations.
A. Morphology
The pristine silica and the heat affected silica after the CO 2 irradiation process have different structural properties. Indeed when the laser is shut down the material is cooled (typically, a drop in temperature of 50% after a few hundreds of microseconds) and viscosity increases rapidly, the internal structure of the glass is then frozen in a thermodynamic equilibrium at higher temperature than the initial glass that was bulk-heated and slowly cooled down during its fabrication process. The laser processing results then in an increased fictive temperature in the treated area. 40 These changes in fictive temperature affect the glass properties, resulting, for instance, in density changes. 41 Isothermal annealing above the annealing temperature should then bring the whole material at the same fictive temperature, hence density. The adapted slow cooling is obtained with the furnace. We have investigated the morphology of the CO 2 laser irradiated sites, before and after annealing in a dedicated experiment. Two beam diameters were used for the CO 2 laser irradiations, 700 lm and 1400 lm, with an exposure time of 1 s and different applied powers resulting in crater depth from few hundred nm to few tens of microns. The morphology of the sites was measured before and after annealing with the optical profilometer. An example of measurement is given in Fig. 6 in the case of an irradiation with a beam diameter of 700 lm, at 4.5 W during 1 s on silica sample of type III. No modifications are observed of the global morphology between before (Fig. 6(a) ) and after (Fig. 6(b) ) annealing but a profile modification is observed after annealing (Figs. 6(c) and 6(d)): there is a raise of the surface in a part of the CO 2 laser irradiated area. This effect is observed for all tested sites, whatever the crater formation mechanism (viscous flow, densification, or evaporation), as illustrated on another example in Fig. 7 . Similar observations were made by Feit et al. 42 and Liu et al. 43 on CO 2 laser irradiated sites in fused silica. A volume of silica having different properties because of the CO 2 heating is thus highlighted with these experiments. As evidenced by the profiles comparison, it is the entire area (between the 2 arrows in Fig. 6(c) ) that is homogeneously raised, and the effect is not due to a flow of the material from the edge to the center.
By fitting the two measurements of the two crater shapes, we can evaluate with precision as good as 15 nm the level of the modified silica that is equal to 100 nm as shown in Fig. 6(d) . The physical origin of this mechanism is related to higher density in the affected zone by the laser heating. After thermal cycling in the furnace, heat affected volume goes back to similar properties as the surrounding area, i.e., fictive temperature and density, resulting in a swelling of the area. The raise of the irradiated area after annealing can therefore be understood as an evidence of volume shrinkage in the CO 2 laser heat affected area. More data on this point are given in Fig. 8 with the summary of observation made on other sites. We observe that the higher the applied power, the higher the raise at the crater center. The isothermal annealing on the surface highlights the heat affected area which is deeper with the laser power increasing.
B. Residual stress
The CO 2 laser processing of silica generates residual thermomechanical stresses: thermal expansion of the heated material during irradiation is followed by strong viscosity increase during the rapid cooling which prevents material movement and release of the stresses. These residual stresses can be observed and evaluated through with a photoelastic method, as illustrated in Fig. 9 , where Nomarksi and polariscope observations are compared.
We have investigated the evolution of these stresses on the set of samples prepared in conditions described in Sec. IV A: a CO 2 beam diameter of 700 lm, an exposure time of 1 s, and different applied powers (7 W for the example presented in Figs. 9 and 10 ). These residual stresses can lead to mechanical weakness of the treated part, optical anisotropy, or local reduction of the laser damage resistance. 44 The stresses can however be released by annealing: the decrease of viscosity during the annealing would allow small material displacement that will relax the stresses. The samples were annealed at 700 C or 900 C for 20 h. Comparisons of polariscope observations before and after annealing at different temperatures are shown in Fig. 10 . The result of these experiments was that the stresses are not be completely released after annealing at 700 C, but no residual birefringence was observed after 900 C. Similar observations conducted by Jiang et al. with similar annealing temperatures at 10 h (Ref. 45 ) have also shown that the residual stresses of mitigated sites could be completely eliminated.
C. Laser damage probabilities
Laser damage probabilities were compared before and after annealing on different CO 2 laser-processed sites. The irradiations conditions were defined by: a beam of 700 lm diameter, 1 s irradiation time, and three different applied powers: 5, 5.5, and 6.3 W. The power was limited to avoid re-deposit of material that occurs when high temperature is reached. Using these irradiations conditions, we have created matrix of craters on the samples for statistical studies. In these conditions, the crater depths of the sites range from few microns (5 W) to 30 lm (6.3 W). On the same sample, some of the sites were damage-tested before annealing and after annealing at 1050 C for 12 h. The damage tests were done with the specific test procedure described in Section II E. The effect of the cleaning procedure is shown in Fig.  11 , particularly the HF etching on the evolution of laser damage probabilities on the craters made with a power of 5 W.
For this particular crater under test, the Laser-Induced Damage Threshold (LIDT) is 12 J/cm 2 , which is much lower than the 16 J/cm 2 of the fused silica surface (Fig. 4) , in our test conditions. As observed for the case of the bare fused silica surface (Fig. 4) , annealing has a detrimental effect as regards the laser damage resistance. This effect has been attributed to surface contamination (Section III B). As discussed previously, in the case of the bare silica surface, the annealing of the crater has been systematically followed by HF etching in order to remove the contaminants, which lead to a drastic reduction of laser damage probability (not shown in Fig. 12 ). On the basis of this cleaning process, we then report on the statistical results obtained on the 3 different crater types, before and after annealing. Fig. 12 shows that before annealing the laser-induced damage probabilities of the 3 types of CO 2 laser craters are significantly different. The higher the applied power, and hence the maximum temperature and depth of the crater, the lower the damage threshold. This is in accordance to previous experiments done in similar conditions. 8 After annealing, the laser damage thresholds of the different craters are the same. Additionally, the LIDT values are very close to the damage fluences obtained on the fused silica surfaces. It appears then that the silica affected by the laser-heat treatments goes back to its initial properties after the annealing. This result is of main importance for the application of a laser damage mitigation process.
As observed in previous works, laser damage sites are systematically initiated in an area surrounding the crater, even if the surface is free from any visible defects or silica re-deposition. 11, 34 In the central area of the crater, where the surface temperature exceeds the softening point of silica, the potential damage initiating defects should be annealed, 46 resulting in an enhanced damage threshold compared to the initial surface. Also, far from the heat affected area, the laser-induced damage of silica is related to the surface preparation (polishing and cleaning). However, between the two zones, there is an intermediate area with a reduced laser damage resistance that can be correlated to the location of the maximal residual retardance. 34 At this location, the weak LIDT of the craters can be related to the strong gradients of fictive temperature and hence structural properties of silica, thermomechanical stresses and possibly microcracks that can reduce the laser damage resistance. An example of such observation is shown in Fig.  13(a) for the crater made with the same parameter of Fig.  11 . On these sites and before any annealing procedure, damage initiation occurs on the location of maximum retardance (dashed circle in Fig. 13(a) ). After furnace annealing, damage initiates either on the previous location (Fig. 13(b) ) or outside the initial stress area (Fig. 13(c) ). On this site and before any annealing procedure, damage initiation occurs on the location of maximum retardance (dashed circle). If we look at the position of damage initiation on the annealed sites (Fig. 13) , after furnace annealing, two cases can occur: either damage initiates in the previous stress area (Fig. 13(c) ), although no residual stresses can be evidence after annealing, either damage initiates in another peripheral area (Fig. 13(b) ). This latter peripheral area has a larger diameter than the initial one. Possibly, the annealing effect is not strong enough to mitigate all the damage precursors in the previous stress area. However, it is not possible to increase the temperature without detrimental effects on the sample (Section III A.)
V. NUMERICAL SIMULATIONS AND DISCUSSION
A. Evolution of residual stress and fictive temperature with annealing
To go further in the investigation, we have analyzed the effects of annealing through numerical simulations. For that purpose, we have used the commercial software COMSOL, 47 which is based on the Finite Element Method. We have used a 2 dimensional meshing in axisymmetric configuration for our study. Heat transfer by conduction associated with structural mechanics under viscoelasticity considerations are employed to calculate the temperature rise and distribution of silica heated by local CO 2 laser irradiation and the residual stress after cooling of the samples. This numerical model as the different input parameters are described is in Ref. 48 . In such a numerical model, the input parameters of the simulations are very critical to describe as accurately as possible the laser CO 2 silica interactions, particularly the temperature dependencies. Briefly, the main critical parameters are the thermal conductivity, 49 the radiation losses and the relaxation time, directly linked with the viscosity. 50 Additionally, we have implemented in the numerical model the calculation of fictive temperature and the ability to simulate global annealing of the samples with the heating and cooling rate as holding time corresponding to the experiments. Tool 51 defined the fictive temperature of a substance in a non-equilibrium state as the actual temperature of the same substance in the equilibrium (liquid) state whose structure is similar to that of the non-equilibrium substance. Then, in our model, the fictive temperature T f is calculated as
where T is the thermodynamic temperature and s is the relaxation time. The determination of the relaxation time s is based on the enthalpy activation DH and calculated as
Parameters used to calculate the fictive temperature are given in Table I . We present in Fig. 14 the simulations of temperature, stress distribution, fictive temperature, and stressinduced birefringence of a CO 2 laser irradiated site in the case of an irradiation of a 1 s irradiation at 10.6 lm with a beam diameter of 700 lm and a power of 5.5 W.
Simulations indicate that the maximum temperatures reached at 2050 C at the center of the irradiated area after 1 s irradiation. The stress distributions reveal that after cooling (t ¼ 10 s) a highly stressed area is located on the periphery of the central area, correlated with the position evidenced by birefringence measurements. After laser processing (laser heating and cooling), a small volume of glass is left with a different fictive temperature: it reaches 1420 C at 10 s at the center whereas that of untreated glass is 1075 C. The fictive temperature is modified in an area with a diameter of 250 lm, and there is a steep gradient on the edges of the heat affected zone. The different fictive temperature in this area implies a different microstructural state of the silica and different physical and chemical properties. 52 Particularly, the density increases monotonically with the fictive temperature of fused silica. 40 The laser heated area should be then of higher density than the untreated silica. After furnace annealing, this small volume should then go back to the initial density, resulting in a swelling of the area as evidenced by the measurements Fig. 7 . Based on the numerical model previously described, furnace annealing of the CO 2 laser irradiated area has been simulated. Basically, in a first step CO 2 laser irradiation and cooling are simulated, then in a second step furnace annealing is simulated by applying temperature boundary conditions on the simulation domain that reproduce the furnace annealing process: heating at 5 C/min, constant temperature sustaining for few hours and cooling at 5 C/min down to the ambient temperature. A result of these numerical simulations is shown in Fig. 15 , in which we have presented the evolution of the birefringence distribution that can be related to polariscope experimental observations, and fictive temperature that can be related to surface modifications.
These simulations indicate a good agreement with experimental observations: a complete release of stresses after furnace annealing at 850 C (Section IV B). As for the evolution of the fictive temperature, the heat affected area by the CO 2 laser irradiation returns back to the initial silica value. Based on these simulations and the knowledge of the dependence of the density of fused silica with fictive temperature, 41 it is possible to estimate the surface profile changes that should occur after the furnace annealing, as reported in Figs. 6 and 7. This comparison of experiments versus simulations can assess if the heat affected area (in depth and diameter) is correctly estimated with the simulation. Calculation is done with the following formula:
With dq(r,z) the density difference in ppm (as given by Ref. 41) , with dq(r,z) ¼ (q(r,z)-q(0,þ1))/q(0,þ1), q(r,z) the density at the given position (r the radius, z the depth in the material, the origin being the center of the laser beam at the surface) and q(0,þ1) the density far from the heat affected area. An example of calculation using such a methodology is shown in Fig. 16 . On this particular example, experimentally measured, a profile difference before/after annealing of 130 nm at the center of the heat affected area has been measured. This value decreases down to zero at a 250 lm radial distance that corresponds to the limit of the heat affected area. The simulations reproduce well the trends and the quantitative values with a difference of only 10%-20%. Only a difference of $10%-20% compared to the experimental values is observed. This difference can be related either to experimental uncertainties, such as laser power, beam size determination, lack of accuracy in the parametric dependence on temperature of the simulations parameters, or other physical effects that are not taken into account, such as viscous flow. We have also used this model to simulate the depth difference for different irradiation parameters (power and beam size) as shown in Fig. 8 . The good accordance of experimental and numerical results confirm that the thermomechanical model and the parameters used in the simulations (particularly viscosity) are very well adapted to describe the laser material interactions.
B. Comparison of Isothermal and local annealing
As discussed and shown previously, the laser damage resistance of CO 2 craters on fused silica is lower than the initial fused silica substrate, particularly on the edges of the heat affected area. It was found that as the applied CO 2 laser power is increased, and hence the depth of the crater, the damage resistance is decreased. 8 Such results are related to the increase of residual stresses and debris around the crater. 34 In a previous work, we have however shown that by applying a suitable second laser heating with a larger beam at a reduce power density, the laser damage resistance of the craters was increased significantly. 11 We will refer to this procedure in the following as "local" annealing since in the applied process the CO 2 laser operates in a regime where there is no material removal. In the present work, we have found a similar increase of laser damage resistance with "global" annealing of the sample in a furnace. It appears then of interest to compare these two different annealing processes.
For the local annealing process: 7 the CO 2 laser beam was enlarged to 2 mm and the power was set to 18 W. These parameters were chosen in order to obtain the largest possible beam, considering the limited power of 20 W of the laser, to irradiate the silica surface in conditions to heat the area at the maximum temperature without reaching the material removal regime. An in-line microscope was used to the center the crater in the laser beam in order to process the second irradiation. The laser damage probabilities were then measured for comparison of the CO 2 craters as created, with isothermal annealing and with CO 2 laser local annealing. The same conditions are used in both cases (1on1 mode, 355 nm, 3 ns). These results are given in Fig. 17 .
These results reveal a comparable improvement by both annealing techniques, whereas the conditions are very different: relatively low temperature and long time for the furnace annealing (12 h and 1050 C) and high temperature and short time (1 s) for the local annealing. We note that the laser damage resistance of mitigated sites is comparable to the laser damage resistance of the superpolished surface. In order to complete this experimental approach, we have estimated the temperature distribution reached during the local annealing by performing simulations with the model described in Sec. V. Results are shown in Figure 18 for the case that has been studied in Fig. 14 diameter of 700 lm, at 5.1 W during 1 s (black line). The simulated gradient corresponds to a local annealing with a beam diameter of 2 mm, at 18 W during 1 s. The numerical results indicate that the temperature reached during the local annealing process is lower than 1770 K (1500 C) in the crater area which confirms that there is no material removal. 32, 33 Moreover, in the area with potential mechanical stresses and debris re-deposition, the temperature is above 1600 K (1330 C) and below 1740 K (1470 C). We have therefore shown that furnace annealing for hours or local annealing during seconds can significantly increase the laser damage resistance of mitigated sites to a comparable level as the superpolished surface. Based on the experimental results and numerical simulations, the temperature for an efficient local annealing should be above 1330 C for an optimized reduction of laser damage probabilities and below 1470 C to be below the threshold for material removal, whereas furnace annealing should be kept below the annealing point (T S II ¼ 1043 C and T S III ¼ 1123 C) to avoid sample deformation.
VI. CONCLUSIONS
We have studied the effect of a heat-treatment in a furnace on both polished silica surfaces and CO 2 laser processed silica. In the case of silica surface, we have shown that annealing for 1050 C during 12 h can significantly reduce the laser damage probabilities at 355 nm, 2.5 ns. Higher annealing temperatures are detrimental for the surface flatness. The improvement of the laser damage resistance of CO 2 laser processed sites by isothermal annealing has also been demonstrated using the same parameters (1050 C/12 h). Moreover, the isothermal annealing process allows reducing strongly the residual stresses around the laser processed sites. A surface raising of the CO 2 laser heat affected zone has been evidenced after isothermal annealing, which can be understood as an evidence of volume shrinkage following heating by the CO 2 laser.
Thermo-mechanical simulations have been conducted to understand the evolution of residual stresses and fictive temperature after CO 2 laser irradiation followed by isothermal annealing. Good agreement with experimental observations was found for the stresses evolution and interpretation of the surface raising based on the density dependence with fictive temperature (in the presented case of a CO 2 laser irradiation of 5.1 W for 700 lm during 1 s followed by an isothermal annealing at 1050 C for 12 h). Additionally, the effects of furnace annealing and local annealing with a CO 2 laser have been compared. Results reveal a similar decrease of laser damage probabilities by both annealing techniques: furnace annealing for hours or local annealing during seconds. Moreover, the LIDT of laser processed sites reaches the damage fluence level of the superpolished surface in our test conditions. Based on the experimental results and numerical simulations, the temperature for an efficient local annealing should be between 1330 and 1470 C for an optimized reduction of laser damage probabilities and to be below the threshold for material removal.
